INTRODUCTION
Intensive use of pulse wide modulation (PWM) for the control of pneumatic actuator using on/off valve caused the examining of different ways of control realization and application of various types of regulators [1] [2] . There may be two basic configurations, one of which requires two 3/2 electromagnetic valves ( Fig. 1 ) and second one, for which is required four 2/2 electromagnetic valves [3] . These configurations differ in complexity and cost, but also, areas of application are not identical, which will be analyzed in this paper. For each of these control configurations can be applied different types of regulators.
In most cases, the previous research has focused on quality control in terms of speed and accuracy, and less on compressed air consumption and cost of the system [4] . However, the compressed air is an expensive form of energy, it is on the choice of control methods to choose an approach that allows its saving [5] . This approach is needed for economic as well as for the environmental reasons and in recent years, much attention is paid to that. A number of methods were identified for increasing the energy efficiency of pneumatic systems [6] [7] . This approach is particularly needed in applications where the amount of compressed air and its production is limited as in mobile robotic systems [4] .
As a typical system of PWM control can be considered a configuration with two 3/2 valves in which each valve is connected to one cylinder chamber and works in regime of "charging" or "discharging" of that chamber. The mean value of pressure in the chamber which is achieved in that way is proportional to the duty cycle which is a function of difference between the given and measured value. This way of control will be marked as "classical PWM control" in this paper.
After achieving the desired position of actuator, impulse duty cycle by which the air flow for both chambers is regulated is 50% in classical PWM control. In that way the previously reached position is sustained. This paper proposes a modification of classical PWM control so that upon reaching the stationary state sets the duty cycle to 100% which means that both chambers are connected to the source of pressure. The purpose of the proposed modification is the absence of air consumption after reaching the steady state. In paper [8] there is tested control configuration with 3/2 valves, with the realization which keeps one valve fully open to the source of pressure, and the other was working in PWM mode. The usual term for this sort of control is meter out. This paper provides characteristics comparison of the three described realizations of the PWM control: classic, meterout with PWM control, and modified classical method that is proposed here. In all three cases two 3/2 valves were used, and the quality of tracking and air consumption are compared. At the same time, as the control algorithm PID controller is used.
THE EXPERIMENTAL SETTING
For the realization of PWM control it is necessary to measure error in real time to calculate duty cycle on the basis of the applied controller and to establish control signal. In the so far described realizations of these tasks they are usually performed by PCs with modules for data acquisition, or dedicated devices based on microprocessors. Thanks to a reliable, affordable price, good computer and operating skills as well as easy maintenance, programmable logic controllers (PLC) today play an important role in the control and process automation. In paper [9] , a programmable logic controller has been used for the above described implementation of the PWM control of pneumatic actuator. For this purpose, there is formed an experimental positioning system whose pneumatic scheme and physical layout is given in Figure 1 . The system consists of pneumatic cylinder, electro-magnetic valves, linear potentiometer and PLC with data acquisition module.
In a steady state, a normally closed variant of the valve that is used here enables both cylinder chambers to be connected to atmospheric pressure. But if a constant signal is brought to electromagnets, the chambers are connected to the operating pressure. In the case of positional errors, the electromagnets are supplied with the series of pulses in accordance with the mode of PWM control. For the operating frequency of PWM signal 25Hz is defined. A two-way cylinder was used with rod, 37  240, with guides and weights to simulate the load. A pneumatic cylinder of unknown characteristics is deliberately used in order to test control capabilities with an arbitrarily selected actuator.
To convert electrical signals into the air flow (electro pneumatic-interface) a solenoid valve Festo MHE2 is used. This valve is characterized by small size, compact and lightweight design and a very short opening time. The switch time is 2 ms for the version with built-in switching electronics or 7 ms without electronics [10] . The version with integrated electronics, which is used here, allows a shorter reaction time and requires less power of electrical signal to activate the valve. Here, PLC Omron CP1L with two built-in PWM outputs is used. Programmable PWM outputs allow the setting frequencies from zero to 6 kHz with a resolution of 0.1 Hz, or from zero to 32 kHz with a resolution of 1 Hz. The pulse duty cycle is also programmable and can be set to a value from zero to 100%, with a resolution of 0.1% in the first case, or 1% in the second. To measure the position, pressure and other quantities in the monitoring process, input/output module Omron CP1W-MAD11 was used, with two analog inputs and one analog output and a resolution of 1/6000 of the input range. As the test example is selected, the case where in one cycle the actuator should move into a position which is 80% of the full moving distance and after 5 s to return to the position defined with 40% of the full moving distance.
CLASSICAL SYSTEM OF PWM CONTROL
The classical PWM control system with two 3/2 valve leads cylinder chambers to the "charging" or "discharging" for all periods of control, so that average chambers pressure depends on the duty cycle of control impulses. The air flow exists even though the reference position is reached with the required accuracy. The method of forming a command signal is described by equation:
where d is the duty cycle and it is calculated according to the law d = 0,5 ± f(e). If you want to achieve the direction of movement of the actuator piston from chamber 1 to chamber 2, then duty cycle for the valve that regulates air flow for chamber 1 is given as d = 0,5+f(e), and for the valve for regulating the flow for chamber 2 as d = 0,5 -f(e).
The meaning of other variables in equation (1) is: u 1,2 -control voltage for the coil 1 and coil 2 of electromagnetic valves u k -activation of the coil voltage is 24V, T -period PWM signal, e = y r -y, error difference from the reference and current position, f(e) -function (control algorithm), which forms control on the basis of the error. The literature describes sliding, fuzzy, and other types of regulators, and in this paper the PID controller is described. For such a defined way of control it is necessary for the value f(e) to be limited to the interval 0< f(e) <0.5 duty cycle to be between 0 and 100%. Figure 2 shows the duty cycle changes during one cycle of operation of pneumatic actuator. Duty cycle for one or another command is symmetric about 50% and remains around this value when position error becomes zero. With the implementation of control this means that half of the PWM period cylinder chamber is connected to the source of pressure, and the other half to the atmospheric pressure, within each period.
MODIFICATION OF CLASSICAL PWM CONTROL
Unlike classic, a modified PWM control system is proposed here which introduces a state of the actuator when the reference position is reached with the required accuracy and then both chambers are connected to the operating pressure. In this way the flow of air stops and the savings were achieved in the consumption. The method of forming a command signal is described by the equation:
where d is the duty cycle and is calculated as the relation (1). The meaning of variables in equation (2) is the same as in equation (1). The difference is the introduction of yet another condition which takes into an account the absolute size of the tracking error. If this value is less than the pre-set value ε, on both coils the voltage u k is sent which causes both cylinder chambers to be connected to operating pressure. This method of control leads to smaller fluctuations in the transition process (Figure 3, 5) because the air flow stops immediately after reaching the stationary state. Figure 3 shows that during the displacement of piston, duty cycles are symmetrical around the value of 50% as well as in a classical PWM control, and after reaching the reference value, both signals are set to the value of 100%. 
METER-OUT CONTROL PWM
The characteristic of this method of control is that one chamber is connected to the operating pressure and the other is connected to the atmosphere or operating pressure in accordance with the PWM signal. To change the direction of pistons motion the role of chambers should be changed. The method of forming command signals can be described with:
The change of the duty cycle in one work cycle of the actuator is given in Figure 4 . It can be seen that in the stationary state they both have a value of the duty cycle of 100%, meaning that both cylinder chambers are connected to the operating pressure. In order to change the position of actuator, the valve of the chamber, which is in the direction of the movement and which should be emptied, is opened to the atmosphere. The valve is initially completely open to the atmosphere, which means that the duty cycle is 0%, and with the reduction of error it increases to the values of 100% when the valve is fully open to the operating pressure.
Operation of valve in PWM mode means constantly switching of the valve with a given frequency while retaining the valve in either of end positions depending on the duty cycle. For meter-out PWM control switching is performed by only one valve, while the other one is completely open for the operating pressure. Also, no switching is done when the actuator is in the requested position. The above mentioned contributes to the system to work more quietly and with less noise. As a result, a longer lifetime of valve is expected because of its performing the fewer number of cycles. The experimental system described in paragraph 2 is carried out by three described ways of control. With the same experimental setting, different control methods have been realized by various programs implemented at the PLC.
Key criteria for the comparison of the selected control are monitoring of the quality and air consumption.
Objective indicator for monitoring of the tracking quality is difference of the areas under the curve of the measured response and reference curve [11] , [12] , where the smallest area represents the highest quality of tracking. The most commonly used criterion is ITSE (Integral of Time Weighted Square of Error), which is defined by the relation:
where e(t) is error, the difference between the reference signal and the actual response of the system. Time interval of 60s was used for comparison of the three PWM control realization. Diagrams showing the tracking of reference signal for different types of realization are given in Fig. 5 . Performance index ITSE is shown in Figure 6 . For the same experimental conditions and the same type of controller, it can be seen that the classical and meter-out PWM control have almost the same index, while the modified PWM control is slightly worse (about 20%). Figure 7 shows that the lowest consumption has meter-out, then modified PWM control and after that classic PWM control. During the movement of the piston, the meter-out control opens only one chamber, while in the modified both cylinder chambers open, so the consumption of air in this case is exactly twofold. In these two ways of control there is no air consumption at the end of the motion, while the classical PWM control keeps on opening both chambers after the end of the motion, which results in drastically increased air consumption. 
Meter-out
In the final choice of PWM control type it should still be considered that meter-out and modified PWM control of actuators provide quieter operation, lower noise, longer and more reliable operation of electromagnetic valve because of smaller number of activations. On the other hand, these types of control are only possible with symmetrically loaded actuators because only they can generate equal forces on both sides of the piston. Classical PWM control can be applied in cases where the piston surfaces are not equal on both sides or external force is acting on the piston. This generates different average values of pressure in the chambers, and thus the various forces on the two sides of the piston.
Air consumption of the different PWM control realizations was measured by actuator operation that had been following the reference signal during 120 s. In all three cases the source of pressure -the reservoir, was initially at the same pressure and during the operation it was not filled. The pressure was measured during operation and pressure drop results are presented in Fig. 7 . Based on the initial and final pressure and known volume of the reservoir the average air mass flow rates for different types of control were calculated and the results are shown at the same figure. The experimental testing and comparison of three different realizations of PWM control of pneumatic actuator, with only two 3/2 valve used, are performed. The results show that classical PWM control can have a wider application, but in the view of energy efficiency it is very unsatisfactory. Therefore, its application could be recommended for small pilot valve or in cases where it is necessary due to asymmetric load of actuator. In this paper there is proposed the modification of the classical PWM control intended for the increased energy efficiency but with slightly reduced quality of trajectories tracking. However, quieter operation, lower noise and less wear of components are additional advantages of a modified classical PWM control. From the point of consumption of compressed air, the best results show meter-out realization (80.4% less consumption then classical and 50% less than modified). This shows the need for further research on the development of energy-efficient PWM control. ... classical PWM -modified PWM --meter-out PWM
